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In Ethiopia, inoculation of soybean with rhizobial inoculants is not 16 
common practice, but could provide an option to increase grain yields in 17 
the low nitrogen (N) acidic soils. In these acid soils, the selection of acid 18 
tolerant rhizobia is one strategy that may increase the performance of 19 
soybean. In this study, rhizobial strains isolated from Ethiopian soils 20 
were evaluated for their acid tolerance and symbiotic N fixation 21 
efficiency with soybean, in controlled environments. Following this, four 22 
isolated rhizobial strains were evaluated in six field experiments in major 23 
soybean growing areas of Ethiopia. Inoculation with the commercial 24 
strain or with one of two locally-sourced isolates, that were developed as 25 
inoculants, improved soybean yield. The yield increase due to 26 
inoculation with the commercial strain was consistent and greater than 27 
other treatments, while the increase due to the two locally-sourced 28 
strains was comparable to, or greater than, application of 46 kg N/ha in 29 
soils, where the resident rhizobial population was ≤ 1.4 × 103 cfu/g soil. 30 
For soils with high background rhizobial populations, there was no 31 
response to inoculation. In one of the experimental sites (Bako), the 32 
percentage of N fixed (%Ndfa) was 55 for the commercial strain and 35 33 
for a local strain, ES3.  This study demonstrated that field validation is a 34 
necessary step in the selection of acid tolerant strains of rhizobia to 35 
increase soybean production for Ethiopia.  36 
Key words: Soybean, rhizobia, acid tolerance, nodulation, symbiotic 37 
effectiveness 38 
3 
Introduction  39 
Soybean, Glycine max (L.). Merr. has the largest worldwide production of any crop legume 40 
(Sinclair et al. 2014) and contributes greater symbiotic N fixation than any other crop legume 41 
(Herridge et al. 2008). Soybean production is increasing in sub-Saharan Africa, driven by its 42 
high value for food and feed, and its ability to improve soil fertility (Sinclair et al., 2014). In 43 
Ethiopia, soybean is cultivated mainly in the southern and western regions, and production 44 
has increased from 1,620 t in 2002 to 61,000 t in 2014 (CSA 2012, Bekabil 2015). Although 45 
the average yield of soybean has recently increased in Ethiopia to 2 t/ha, it is still below the 46 
world average of 2.35 t/ha (Abate et al. 2012) which may be related to soil constraints and 47 
management of the crop.  48 
The cultivation of soybean in sub-Saharan Africa is often affected by low soil fertility, 49 
soil acidity, soil salinity and organic matter depletion (Bromfield & Ayanaba 1980, Abaidoo et 50 
al. 2007, Amissah-Arthur & Jagtap 2007, Thuita et al. 2012). In Ethiopia, about 40% of the 51 
cultivated land is sufficiently acidic that it reduces crop production (Abdenna et al. 2007). 52 
Production of soybean in acid soils can be constrained by toxic concentrations of H+, Al and 53 
Mn, and deficiencies in Ca, Co, Cu, Mg, P, Fe and Mo (O'Hara 2001, Indrasumunar et al. 54 
2011). Although soybean yields can be increased in acid soils by application of N fertiliser, 55 
this is uneconomical when compared with the costs of inoculation with rhizobia (Ronner et 56 
al. 2016), and is unsuitable for smallholder farmers. 57 
Symbiotic N fixation in acidic soils is itself constrained by several acidity-related 58 
problems affecting the symbiosis, viz. the persistence of rhizobia, nodule formation, and the 59 
function of the symbiosis (Date & Halliday 1979, Howieson & Ewing 1986, Peoples et al. 60 
2009). It was previously demonstrated that a commercial strain of Bradyrhizobium japonicum 61 
(strain 532c) increased soybean yield in Ethiopia, Kenya and Nigeria (Jefwa et al. 2014), 62 
although the effectiveness of the strain was inconsistent across Ethiopia, and performed 63 
poorly in Bako and Assossa regions (Asrat, personal communication). Hence, despite the 64 
potential to improve yield and soil fertility, biological N fixation by soybean in areas with acid 65 
soil is greatly constrained. The inconsistent results of inoculation with strain 532c (Aserse et 66 
al. 2012), may therefore be related to soil acidity. Improving the symbiosis through 67 
amelioration of soil acidity by the addition of lime is expensive (Foy 1988), and a more cost-68 
effective approach has been the selection of acid-tolerant crops (Taylor 1991) combined with 69 
selection of suitable acid-tolerant microorganisms (White 1966, Howieson & Ewing 1986, 70 
Howieson et al. 1988).  71 
In this study, soybean-nodulating rhizobia were isolated from Ethiopian soils and 72 
then tested for their acid tolerance. These strains were then evaluated for their symbiotic 73 
effectiveness in controlled conditions. Four selected isolated strains were then used to 74 
produce inoculants, and the ability of the inoculants to increase grain yield was investigated 75 
in six field experiments in soybean- growing regions of Ethiopia. We hypothesised that the 76 
strains isolated would be adapted to acid soils, and that those found to be symbiotically 77 
efficient may provide effective inoculants for use by farmers. 78 
Material and Methods 79 
Soil sampling 80 
Soils were collected from 154 sites in the major soybean production areas of Ethiopia, 81 
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including Jimma and Illubabur zones of the Oromia regional state, Southern Ethiopia (from 82 
Hawassa to Amaro), Bako area of Oromia, and Assossa area in the Benishangul Gumuz 83 
regional state. Soil samples (0-20 cm) were taken from four points in each field and mixed, 84 
and used for isolation of rhizobia after storing at 4 ° C for 20 d. 85 
Isolation of rhizobia 86 
Soybean cv. Clark, a widely grown cultivar preferred by Ethiopian farmers for its short 87 
maturity, was grown (3 seeds/pot) in 1 kg pots containing field soil in a greenhouse at 88 
Holleta Agricultural Research Centre in January and February 2014. After 8 weeks of 89 
growth, nodules were collected from the roots and rhizobia were isolated from nodules. The 90 
strains isolated were maintained on yeast mannitol agar (YMA) slants, as described by 91 
Somasegaran and Hoben (1985). 92 
Assessment of acid tolerance 93 
Cultures of strains from Ethiopian soils and the Australian commercial soybean strain 94 
(CB1809) were grown in yeast extract mannitol broth (YMB) medium (Somasegaran & 95 
Hoben 1985). After 7 d of growth, 100 µl of culture were streaked on duplicate plates of pH 96 
4.5 medium containing high Mn and Al, and low P and Ca (Gemell et al. 1993). The 97 
inoculated plates were incubated at 28 oC for 12 d, and the presence or absence of colonies 98 
was monitored visually to assess growth on the acidic media. 99 
Assessment of nodulation and symbiotic effectiveness 100 
River sand was washed with sulphuric acid (38%; 5 L/20 kg sand) to reduce organic matter 101 
that could be an N source for the plants (Lupwayi & Haque 1994). The sand was then rinsed 102 
with tap water until its pH was neutral. The washed sand was autoclaved and placed in 1 L 103 
pots that had been washed, sprayed with 95% alcohol and dried. Before sowing, the 104 
soybean seeds were surface sterilized with 95% ethanol for 10 s and then with 2.5% sodium 105 
hypochlorite for 3 min, followed by rinsing with seven changes of sterile distilled water. Each 106 
pot was sown with five seeds and after emergence, the seedlings were thinned to three per 107 
pot before inoculation. Each treatment was applied to three replicate pots. 108 
Reference and isolated strains that grew on acid-stressed media were streaked on 109 
standard yeast mannitol agar (YMA) plates and incubated at 28 oC for 7 d. The reference 110 
strains used were 532c, a commercial strain used in Ethiopia (Legume Technology Ltd, 111 
Notts, UK) and CB1809 isolated from EasyRhiz® freeze dried inoculant (New Edge 112 
Microbials Pty Ltd, Albury, Australia). Single colonies were inoculated into YMB and grown 113 
on a shaker incubator at 28 oC, 120 rpm for 5 d. The plants were inoculated 7 days after 114 
sowing (DAS) with 1 mL of bacterial suspension (109 cfu/mL) per plant. The replicates were 115 
arranged in a completely randomised design in a greenhouse at Holleta Agricultural 116 
Research Centre where the average day and night temperatures were 26 °C and 15 °C, 117 
respectively, with a 12 h photoperiod. 118 
The plants were supplied with N-free nutrient solution twice a week (Broughton & 119 
Dilworth 1970). In addition, an N-supplied control treatment received 20 mL of ammonium 120 
nitrate solution (5 mM) per pot, once per week. Plants were grown in April and May 2014, 121 
and harvested 60 DAS.  122 
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Field experiments 123 
Six soybean inoculation field experiments were conducted at sites with nitisol soils (FAO-124 
Unesco 1974) at Jimma (three sites, one at the Jimma Agricultural Research Centre and two 125 
on farms in Ababiya and Seifu farms), Bako on a farm and Assossa (two sites, one at the 126 
Agricultural Research Centre and the other on a farm) from June to November 2014). 127 
Details of soils at these sites are provided in Table 1. 128 
Inoculant preparation  129 
Based on symbiotic effectiveness in controlled conditions, four Ethiopian strains (designated 130 
as ES1 to ES4 for the purpose of this report) with the greatest measured symbiotic 131 
effectiveness, plus the commercial strain 532c were prepared as inoculants for use in the 132 
field. The carrier was filter mud, a by-product of sugar cane processing, that has previously 133 
been used as a carrier (Philpotts 1976). The filter mud was ground and passed through a 134 
200 mesh sieve and neutralised by the addition of CaCO3, sealed in polyethylene bags (125 135 
g per bag) and autoclaved. The strains were grown in 25 ml YMB broth in 50 ml flasks. After 136 
5 d of growth, the broths were transferred to 1 L YMB broth and grown for 5 days to achieve 137 
109 cfu/ml, before being used to inoculate the carrier. Rhizobial numbers in the final 138 
inoculant were determined by plate count. 139 
Experimental design 140 
Each field experiment consisted of eight treatments with four replicates arranged in 141 
individually randomised complete block designs. Treatments included five rhizobial 142 
treatments (four isolated strains and a commercial strain, strain 532c), N-supplied 143 
treatments with either 46 or 23 kg N/ha and one control treatment receiving neither rhizobia 144 
nor N fertiliser. The Bako experiment had an additional treatment of non-nodulating haricot 145 
bean as a reference treatment sown in one plot for each of the four replicate blocks. 146 
Phosphorus was applied at a rate of 20 kg P/ha as triple superphosphate, to ensure that P 147 
availability did not limit the expression of N fixation. Both P and N fertilisers, where 148 
applicable, were applied in rows to a depth of 5 cm and incorporated into the soil in a 149 
separate operation before seeding, according to farmer practice. Seeds were inoculated with 150 
the carrier material under shade immediately before sowing. The carriers containing the test 151 
strains (10 g containing 109 cfu/g) were mixed with seeds that were moistened with sugar 152 
solution (2 g in 20 ml water, as a sticker) to enhance inoculant contact with the seed. 153 
Treatments were applied taking care to avoid cross contamination of the test strains. Seeds 154 
were hand sown in rows 60 cm apart and seeds in rows were 5 cm apart from each other; 155 
rows were 4 m long and there were 4 rows per plot. Blocks and plots were separated by 1 m 156 
wide buffers, to assist in maintaining hygiene and to limit the chance of contamination from 157 
one plot to another. 158 
Soil sample collection and analysis 159 
The soils collected from the field were air-dried, ground, passed through a 2-mm sieve. 160 
Samples were analysed for texture using a hydrometer (Gee & Bauder 1986), pH (1:2.5, 161 
H2O), soil phosphorus (Bray II), cation exchange capacity (Chapman 1965), organic carbon 162 
(Walkley & Black 1934), and exchangeable acidity (Van Reeuwijk 2002) at Holleta 163 
Agricultural Research Soil Laboratory, using the protocols outlined by Sertsu and Bekele 164 
(2000). The most probable number of soybean-nodulating rhizobia per gram of soil was 165 
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determined for each sample using the methods as outlined by Somasegaran and Hoben 166 
(1985). 167 
Data collection 168 
In the greenhouse experiment, plants were harvested at 60 DAS. The shoots were dried for 169 
48 h at 70 oC, weighed and the total shoot N was analysed in Holleta Agricultural Research 170 
Laboratory using the Kjeldahl method (Bremner & Mulvaney 1982). Nodule numbers were 171 
recorded for each plant. For the field experiments, nodules were counted on the roots of five 172 
plants removed at 80 cm intervals along the outer rows at 60 DAS.  At the same time, shoots 173 
were harvested and oven dried at 70 °C for 48 h and dry weight was recorded. Grain yield 174 
and total above-ground biomass (AGB, dried for 48 h at 70 °C) including both shoots and 175 
grain were recorded during harvest. 176 
Assessment of N fixation 177 
The 15N natural abundance technique (Unkovich et al. 2008) was used to estimate the N 178 
fixation in the treatments at the Bako experimental site. Dried shoot samples were finely 179 
ground and analysed for total N concentration (µg N/g) and 15N composition using a PDZ 180 
Europa ANCA-GSL elemental analyser interfaced to a PDZ Europa 20-20 isotope ratio mass 181 
spectrometer (Sercon Ltd., Cheshire, UK). The percentage of soybean N derived from N 182 
fixation (%Ndfa) was calculated by comparing the 15N in soybean plants (δ15N legume) with 183 
the δ15N of the non-nodulating haricot bean reference (δ15N haricot) which was assumed to 184 
reflect the δ15N of the plant-available soil N. A δ15N value for soybean grown under N-free 185 
media entirely reliant upon N fixation for its N (B value; -1.83‰) was used (Unkovich et al. 186 
2008). The following formula was used for calculating %Ndfa:  187 
%Ndfa = 100 (δ15N haricot - δ15N legume) / (δ15N haricot - B) 188 
The shoot N and total shoot N derived from fixation were calculated using the following 189 
formulae: 190 
Legume shoot N = (%N / 100) x (legume shoot weight) and 191 
Amount shoot N fixed = (%Ndfa / 100) x (Legume shoot N) 192 
Statistical analysis 193 
The data from the greenhouse experiment were subjected to analysis of variance (ANOVA) 194 
using the General Linear Model procedure of GenStat (VSN International 2014). Means of 195 
all the treatments were calculated and the differences were tested and considered significant 196 
when p < 0.05. The means of the treatments were differentiated using the LSD. The 197 
symbiotic effectiveness percentage was calculated by the method described in Purcino et al. 198 
(2000) as:  199 
Effectiveness (%) = (Shoot Dry Weight of inoculated plant / Shoot Dry Weight of N-fertilised 200 
treatment) × 100.  201 
Based on this effectiveness scale, isolates were considered highly effective (HE) when 202 
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percentage of effectiveness > 80%, effective, (E) between 50% and 80%, and of low 203 
effectiveness (LE) between 50% and 35%. Isolates were considered ineffective when the 204 
percentage effectiveness was less than 35. 205 
Data collected from each field experiment were combined and subjected to Bartlett's 206 
test for homogeneity of variance. Data from each site were also independently subjected to 207 
ANOVA and LSD was used to separate the treatments, using GenStat software (VSN 208 
International 2014). 209 
Results 210 
Soil collection, rhizobial isolation and acid tolerance screening  211 
From the initial 154 soils collected from the major soybean growing regions, 80 strains were 212 
isolated from nodules (Fig.1 and Table 2). Of the 80 rhizobial strains, 50 grew on acid-213 
stressed media at pH 4.5 and these strains were further evaluated for symbiotic 214 
effectiveness in the greenhouse. 215 
Evaluation of symbiotic effectiveness under controlled conditions 216 
The evaluation of symbiotic N fixation of soybean in the greenhouse indicated variation in N 217 
fixation among the 50 isolates and the two reference strains (Fig. 2). Shoot dry weight 218 
(SDW) among treatments varied from 4.13 g/plant and 3.67 g/plant when inoculated with the 219 
commercial strains 532c and CB1809, to only 1.37 g/plant in the un-inoculated treatment. 220 
The N-supplied treatment weighed 3.67 g/plant and four strains were identified that had 221 
higher SDW than the remaining local strains; these are listed as ES1, ES2, ES3 and ES4 222 
(Fig.2). Results for selected strains that were the most effective are shown in Table 3. The 223 
shoot N content of the plants ranged from 0.8% (negative control) to 3.3% (strain 532c), 224 
while the shoot dry weight ranged from 1.4 g/plant (negative control) to 4.1 g/plant (strain 225 
532c). The N-fertilised plants had a shoot N content of 2.9%. Seedlings inoculated with the 226 
four isolates ES1 to ES4 (Table 2) and reference strains had significantly greater shoot N 227 
concentrations and shoot dry weights than the negative control and other isolates. No 228 
relationship was observed between the shoot dry matter of the plants and their nodule 229 
number (R² = 0.0061, data not shown). The selected strains were categorised as either 230 
effective or highly effective. The four Ethiopian isolates with the greatest symbiotic 231 
effectiveness (ES1 to ES4) were selected for field evaluation. Reference strain, 532c, was 232 
superior to CB1809 in the above three measures and was used in the field as a reference 233 
strain. 234 
Rainfall at field sites  235 
The Jimma sites had received less precipitation prior to sowing (June; 144 mm) compared 236 
with other sites, but that site received more rainfall over the June to November growing 237 
season (total 1009 mm) (Fig. 3). The Bako site received more precipitation in the first two 238 
months of the growing season (483 mm), but received the least over the rest of the growing 239 
season (348 mm). The Assossa sites received the least total precipitation (790 mm), 240 
although the amount of rainfall received during the last four months (493 mm) was greater 241 
than that at Bako.  242 
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Soil analysis 243 
Soil physical, chemical and biological analytical results are shown in Table 1. The soils at 244 
the experimental sites were either extremely acidic (Sites 1, 2 and 4) or strongly acidic (Sites 245 
3, 5 and 6) with pH (H2O) ranging between 4.26 and 4.81. The total soil N and P status at 246 
the experimental sites were low. 247 
Soybean-nodulating rhizobia were not detected in the Bako soil, while soils at 248 
Ababiya farm and Seifu farm contained low resident soybean-nodulating rhizobial 249 
populations (16 and 250 cfu/g soil, respectively) compared with the other sites. The soil at 250 
the Assossa Agricultural Research Centre site contained 1.4 × 103 cfu/g soil while the 251 
remaining two sites had abundant background rhizobial populations of >106 cfu/g soil (Table 252 
1). 253 
Field experiments 254 
Combined data analysis was initially conducted for all sites to determine if there were overall 255 
trends. A combined analysis of soybean yield for the six sites indicated variance 256 
heterogeneity (Bartlett's test for homogeneity of variances, χ = 108.4 with 5 degree of 257 
freedom and p < 0.001). This indicated the likelihood of high variation among sites due to 258 
factors such as soil properties or rainfall (Table 1, Fig. 3). Therefore, general treatment 259 
effects could not be compared across sites and results were subsequently analysed 260 
independently for each location. 261 
At Ababiya, inoculation with 532c produced the largest number of nodules per plant, 262 
followed by ES4 and ES3, respectively, while the other treatments were not significantly 263 
different from the negative control (Fig. 4). All the treatments resulted in higher yield than the 264 
control (Fig. 5). Strain 532c produced the highest yield followed by ES3 and ES4 that 265 
resulted in a similar yield with application of 46 kg/ha N. ES1 and ES2 resulted in a yield 266 
similar to that obtained with the application of 23 kg/ha N (Fig. 5).  267 
At the Seifu site, inoculation with 532c resulted in significantly greater nodule 268 
numbers than the negative control, followed by ES4, whereas other treatments were not 269 
different from the negative control in nodule numbers. Inoculation with 532c also resulted in 270 
the highest grain yield, followed by ES4, ES3 and application of 46 kg N/ha. Inoculation with 271 
ES1, ES2 and application of 23 kg/ha N gave no significant yield increase over the control. 272 
At Bako, inoculation with 532c and ES3 resulted in greater nodule numbers than the 273 
other treatments (Fig. 4). The experiment conducted at Bako had lower grain yields in its 274 
negative control compared with the negative control of other sites (13.7% to 150% decrease 275 
compared with Assossa Research Centre and Assossa farm (Fig. 5). Yield increased 276 
following inoculation with 532c and ES3, but not more than with the application of 46 kg 277 
N/ha.  278 
At Bako, the use of a sown reference species allowed 15N natural abundance N 279 
fixation measurements to be made on soybean. Total shoot N at harvest ranged from 50 280 
kg/ha (un-inoculated control) to 226 kg/ha (532c) and the three strains (532c, ES2 and ES3) 281 
had significantly higher shoot N than the control (Table 4). The percentage of N derived from 282 
the atmosphere was greater in plants inoculated with 532c (55%) and ES3 (35%) than for 283 
other treatments. Accordingly, the amount of fixed N in the shoots of plants inoculated with 284 
532c and ES3, (126 and 60kg/ha respectively) were significantly greater than the other 285 
treatments (Table 4).  286 
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At the Jimma Agricultural Research Centre experimental site, only strain 532c, ES3 287 
and application of 46 kg/ha N resulted a higher yield over the negative control, while nodule 288 
numbers did not differ, and were universally high in all treatments. 289 
At the Assossa Agricultural Research Centre site, there were no differences 290 
observed among treatments for nodule numbers (Fig 4). Treatments other than ES3 had 291 
greater grain yield than the negative control. Yield increase resulting from inoculation with 292 
ES4 was comparable to those obtained for N applications, while strain 532c significantly 293 
improved yield over the control but did not achieve the largest yield at this site. Treatments 294 
ES1 and ES2, that did not lead to high yields at other sites, produced a higher yield than the 295 
control.  296 
At the Assossa farm site, nodule numbers were universally high (Fig.4) and did not 297 
differ among treatments. Yields did not show significant difference among inoculant 298 
treatments, however, strain 532c and ES2 increased yield significantly relative to the control. 299 
Overall, the responses of soybean to the application of 23 and 46 kg N/ha, and 300 
inoculation with strain 532c increased grain yield, relative to the uninoculated control 301 
treatments (Fig. 6). The association between yield and nodule number per plant at the six 302 
experimental sites was examined by linear regression, which revealed that in three of the six 303 
experiments (Fig 7: a, b, d) there were positive correlations between nodule number and 304 
grain yield, while for the other three sites (Fig 7, c, e, f) correlations did not exist. 305 
Discussion 306 
Field response to inoculation 307 
We hypothesized that locally adapted strains that were evaluated for acid tolerance 308 
and symbiotic effectiveness would provide greater acid tolerance and prove to be robust 309 
inoculants across different soybean-growing regions of Ethiopia. In contrast to our 310 
expectations, the commercial strain proved to be a more effective inoculant than locally 311 
isolated strains used as inoculants, when assessed at six experimental sites. At two of the 312 
experimental sites, inoculation with field isolates from Ethiopian soils (ES3 and ES4) 313 
resulted in yields similar to, or greater than, the application of 46 kg N/ha, indicating the 314 
value that they could provide to soybean crops grown in Ethiopian soils with low mineral N. 315 
In contrast, ES1 and ES2 performed poorly except in the Assossa area, and are unsuited to 316 
field application in other areas, potentially due to poor acid tolerance. This study confirmed 317 
the importance of field evaluation of isolates, in addition to evaluation in the laboratory, 318 
before suitable strains can be identified (Howieson et al. 1988). 319 
Application of 46 kg N/ha improved yield at five of the six sites, indicating the extent 320 
of soil N limitation in grain production in Ethiopia (Atnaf et al. 2015). Application of 23 kg 321 
N/ha, however, improved yield at only two sites, indicating that the N demand of the soybean 322 
crop exceeded this level of N application, which agrees with previous research that 323 
demonstrated the high N demand of soybean (Herridge 2002). In Ethiopia, farmers typically 324 
use N fertiliser where they have access, rather than inoculating their soybeans. However, 325 
fertiliser costs are high for smallholder farmers in developing countries. Soybean requires 326 
120 kg N to produce a tonne of grain (Herridge 2002) and urea was 60 USD per 100 kg in 327 
Ethiopia in 2015 (Ayele et al. 2016) so that N sufficient for a 2 t/ha crop would cost at least 328 
$144/ha, assuming limited soil mineral N supply and a 100% use efficiency of the fertiliser. 329 
In contrast, a commercial inoculant to treat 1 ha of soybean (320 g / 80 kg) costs 13.3 USD 330 
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(Jefwa et al. 2014), while local inoculants (500 g) applied to 1 ha cost less than 7.5 USD in 331 
Ethiopia. Thus, in using inoculants instead of N fertilisers, there is a cost savings of $130 332 
USD/ha, based on recent data. It is, however, unlikely that Ethiopian farmers would provide 333 
these quantities of N fertilizer to their crops, further highlighting the importance of inoculant 334 
use. Similarly, on-farm research on soybean responses to inoculation and P application in 335 
Northern Nigeria indicated that 95% of the farmers achieved an economic benefit by using 336 
soybean inoculant (Ronner et al. 2016). 337 
Plants inoculated with strain 532c and ES3 fixed 105 and 55 kg N/ha at the Bako 338 
experimental site, respectively. Strain 532c fixed 55% N, while ES3 fixed 35% of the N in the 339 
crop. Previous estimates of %Ndfa for soybean were 68% in experimental sites and 58% in 340 
farmers’ fields (Herridge et al. 2008). The lower %Ndfa for some of the strains in the current 341 
study might be due to low precipitation during pod-filling in 2014, when N fixation is known to 342 
be important (Zapata et al. 1987, Bergersen et al. 1992). N fixation is known to be limited by 343 
factors that affect biomass accumulation of the host plant (Giller 2001), including 344 
environmental and agronomic factors, and cultivar (Herridge et al. 2008).  345 
Two types of responses were observed in the relationship between nodule number 346 
per plant and grain yield: three sites had strong and positive associations between nodule 347 
numbers and grain yield, and three sites had no associations. Inoculation with a commercial 348 
strain in Ethiopia previously improved soybean yield and nodulation in some parts of 349 
Ethiopia, although the responses were not universal (Jefwa et al. 2014). The relationships 350 
observed in our study could be explained by the background population densities of soil 351 
rhizobia. At sites with strong correlations between nodule number and yield, the initial soil 352 
rhizobial numbers were low and ranged from non-detectable to 250 cells/g soil. Sites with 353 
weak or negative correlations between nodule number and yield, i.e., Jimma and the 354 
Assossa sites, had high soil rhizobial populations ranging from 1.4x103 to >106 cells/g soil. 355 
The inverse relationship between yield response to inoculation and resident rhizobial 356 
population has been observed previously (Thies et al. 1991, Brockwell et al. 1995, Denton et 357 
al. 2000).  358 
Screening acid-tolerant rhizobia in the laboratory 359 
The sites chosen for field experiments had soil pH (H2O) as low as 4.26. Rhizobia were 360 
screened on agar media of pH 4.5, since low pH reduces rhizobial survival to a greater 361 
extent on plates than in soil of the same pH (Appunu & Dhar 2006). This might be due to the 362 
presence of microsites in soils with a higher pH, or the association of the microorganisms 363 
with cations, anions or organic molecules in the soil (Howieson et al. 1988, Appunu & Dhar 364 
2006). Growth of the freshly isolated rhizobial strains on acidic agar media ranged from none 365 
to profuse. Such differences in tolerance to acidity among strains of the same species have 366 
been reported previously for various Rhizobium and Bradyrhizobium (Howieson et al. 1988, 367 
Graham et al. 1994, Appunu & Dhar 2006). Hence, strains that showed profuse growth on 368 
low pH agar media, with high concentrations of Al and Mn with low concentrations of Ca and 369 
P, coupled with high symbiotic potential, were selected for testing effectiveness in the field. 370 
The commercial strain, 532c, was also able to grow on the same acid-stressed media. 371 
Among the four strains selected, three demonstrated symbiotic effectiveness under field 372 
conditions (ES3 and ES4 at Sites 1 and 2; ES3 at Site 4; and ES1 and ES4 at Site 5), 373 
supporting the need for a rapid screening of rhizobia for acid tolerance to assist in selection 374 
of strains in the field (Indrasumunar et al. 2011). 375 
11 
Assessment of N fixation effectiveness in the greenhouse 376 
Assessment of N fixation effectiveness in the greenhouse indicated that 40% of the strains 377 
that tolerated pH 4.5 on agar media had low effectiveness and 56% were considered 378 
effective in fixing N, but only 4% of the strains were found to be highly effective. However, 379 
since strains that grew on acid-stressed media were evaluated for N fixation efficiency in the 380 
greenhouse in soils of neutral pH, it is possible that the results of the effective strains could 381 
have differed, had the greenhouse screening been performed at an acidic pH. The yield 382 
responses to inoculation with the commercial strain 532c in the field were generally better 383 
than with the locally-sourced strains, although inoculation with ES3 and ES4 were similar in 384 
yield to the commercial strain at one field site each. Assessment of symbiotic effectiveness 385 
on acidic media should be considered as an option to identify an acid-tolerant strain that is 386 
symbiotically effective, and may assist in developing locally adapted strains, well-suited to 387 
soil constraints (Alexandre et al. 2009).  388 
Conclusion 389 
Soils of Ethiopia are typically low in N status and acidic. Inoculation of soybean with effective 390 
rhizobial isolates increased yield, although locally adapted isolates from acidic Ethiopian 391 
soils were not as effective as the commercial strain when tested at multiple sites. The use of 392 
effective strains was demonstrated to bring economic benefits to resource-limited 393 
smallholder farmers over the current practice of using N fertilisers. Screening of strains with 394 
high acid-tolerance in vitro and symbiotic effectiveness in the greenhouse was a rapid way 395 
to identify acid-tolerant strains that may increase grain yield in acid soils, but field testing is a 396 
necessary step in demonstrating this value for soybean production.  397 
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Table 1. Location and selected physical, chemical and biological properties of soils at the 527 













Latitude 0.7o42.770' 0.7o42.633' 0.7o06.668' 9o04.503' 10°03.251' 10°01.237' 
Longitude 37o00.461' 37o00.305' 36o07.867' 36o59.620' 34°59.412' 34°45.613' 
Altitude (m) 1781 1767 1753 1755 1588 1578 
%Clay 64 71 44 61 71 64 
%Silt 24 19 12 19 15 10.0 
%Sand 12 10 44 27 14 26 
pH H20 4.37 4.26 4.53 4.39 4.81 4.62 
P mg/kg 4.92 4.72 2.12 4.94 5.28 8.21 
CEC 
meq/100g 
17.19 17.92 19.6 14.55 34.7 31.6 
%OC 2.05 1.98 2.07 1.56 2.96 2.61 
Ex. AcidityA 0.46 0.81 1.74 0.78 0.18 0.42 




250 16 >106 ND* 1.4x103 >106 
*ND= Not detectable with the MPN procedure used. See methods section for further 529 
details. 530 
A Exchangeable acidity (Van Reeuwijk 2002). 531 
  532 
17 
Table 2. Soil samples collected from major soybean growing areas of Ethiopia and the 533 
number of strains isolated from the soils using soybean cv. Clark as a host plant. 534 
Soil collection areas Soils sampled Rhizobial strains 
isolated 
Southern Ethiopia 40 14 
Jimma and Illubabor zone 40 36 
Bako area 43 11 
Assossa zone 31 19 
Total 154 80 
  535 
18 
Table 3. Effectiveness of selected rhizobial strains inoculated on to soybean grown in N-free 536 
conditions in a controlled environment, compared with controls and reference strains. Means 537 
followed by different letters are significantly different at P ≤ 0.05. 538 




Strain 532c 3.3 ± 0.15a 135 ± 7.6a 113 HE 
N-fed 
treatment 
2.9 ± 0.03bc 107 ± 1.4b 100  
CB1809 3.0 ± 0.05b 110 ± 1.9b 100 HE 
ES4 3.0 ± 0.11ab 110 ± 5.7b 99 HE 
ES3 2.8 ± 0.09 cd 82 ± 3.8c 81 HE 
ES2 2.6 ± 0.04d 69 ± 2.7d 73 E 
ES1 2.5 ± 0.04d 65 ± 30d 69 E 
Control 0.8 ±0.01e 11 ± 0.4e -  
LSD0.05% 0.24 11.96   
*Rank indicates: Effective (E) or Highly Effective (HE).  539 
  540 
19 
Table 4. Aboveground biomass including grain at harvest AGB, kg/ha, %N, total shoot N, 541 
percentage of shoot N fixed, %Ndfa, and total shoot N fixed by soybean at harvest following 542 
application of different inoculants at Bako. Means in a column followed by different letters are 543 
significantly different at P≤0.05. 544 
Treatment AGB kg/ha %N 
Total Shoot N 
kg/ha 
%Ndfa 
Fixed N in shoots 
kg/ha 
Control 1325 ± 206c 4.2 ± 0.4a 50± 5d 0.7 ± 0.4c 1 ± 1c 
Strain 532c 2693 ± 204a 8.4 ± 2a 226 ± 26a 55 ± 7a 126 ± 26a 
ES1 1609 ± 402bc 4.5 ± 0.4a 78 ± 4d 5 ± 0.7c 4 ± 1.5c 
ES2 2025 ± 235b 7.6± 1.5a 164 ± 15abc 12 ± 6c 22 ± 15bc 
ES3 2091 ± 383ab 8 ± 2a 191 ± 66ab 35 ± 9b 60 ± 18b 
ES4 1467 ± 154bc 6 ± 1a 97 ± 4cd 10 ± 1c 10 ± 1c 
23 kg N/ha 1602 ± 136bc 6 ± 1.3a 82 ± 22cd 0.08 ± 0.2c 1 ± 2c 
46 kg N/ha 1778 ± 142bc 7 ± 0.4a 130 ± 8bcd 0.7 ± 0.9c 1 ± 0.1c 
LSD0.05 643 NS 82 14.2 38 
 545 













Figure 1. Experimental sites in South Western and West Ethiopia indicated by numbers 1 to 6. The 558 
site numbers indicate: 1) Ababiya farm, 2) Seifu farm, 3) research station in the Jimma area, 4) 559 
Bako farm, 5) Assossa research Centre and 6) Assossa farm. 560 

















Figure 2. Shoot dry weight responses of soybean to inoculation with one of 50 different rhizobial 577 
strains (1-50) and two commercial reference strains, 532c and CB1809, an N-supplied control (N) 578 
and a non-inoculated control (Control). LSD = 0.48 at P = 0.05; 3 replicate pots. Arrowed symbols 579 
represent strains selected for field experimentation: 532c and four local strains. 580 

























































































































































































































































Figure 3. Monthly rainfall distribution across experimental sites during the 2014 growing season. 595 
Jimma area represent farms at Ababiya, Seifu and Jimma research stations, Bako area represents 596 
an on-farm site, and Assossa area represents sites at the research station and a farm. 597 
  598 
Month


































Figure 4. Nodule number per plant of soybean following application of different inoculants and N 612 
supply at six experimental sites in major soybean growing areas of Ethiopia, 2014. The means of 613 
the treatments for each location is separated by 95% LSD, and means with the same letters are 614 
not significantly different. 615 
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 Figure 5. Grain yield of soybean following application of different inoculants and N supply at six 630 
experimental sites in major soybean growing areas of Ethiopia in 2014. The means of the 631 
treatments for each location is separated by 95% LSD. Means with the same letters are not 632 
significantly different.  633 
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 Figure 6. Soybean grain yields following inoculation with commercial strain (closed 655 
triangles) or with application of 46 kg N/ha (closed circles), or 23 kg N/ha (open circles) in 656 
comparison with the yield of the untreated control across the six experimental sites. A 1:1 657 
dotted line is shown for comparative purposes. 658 























Figure 7. Regression analysis of nodule number per plant and grain yield among different 681 
treatments at the six experimental sites. Sites are a) Jimma, Ababiya farm, b) Jimma, Seifu 682 
farm, c) Jimma, Agricultural Research Centre, d) Bako e) Assossa, Agricultural Research 683 
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